Introduction
The presence of monoclonal B-cell expansions in the peripheral blood (PB) of asymptomatic persons has long been known. 1 Multiparameter flow cytometry 2, 3 recently allowed to recognize a preclinical hematologic condition characterized by small B-cell clones detectable in the PB of otherwise healthy persons and named monoclonal B-cell lymphocytosis (MBL). 1, 4 Most (75%) MBLs have the phenotype (CD5 ϩ , CD23 ϩ , CD20 low , sIg low ) of chronic lymphocytic leukemia (CLL-like MBL). The remaining MBLs are classified as atypical CLL (CD5 ϩ , CD20 bright ) and CD5-negative (CD5 Ϫ ) MBL. 1, 4 The prevalence of CLL-like MBL strikingly increases with age, reaching a frequency Ͼ 20% in persons Ͼ 60 years 5, 6 and being also more frequent among relatives of patients affected by CLL. [7] [8] [9] [10] Because among the elderly the MBL frequency is 100 times higher than that of CLL, MBL might represent a "normal" aspect of the immune system, especially of the immunosenescence process. Therefore, the central problem of CLL-like MBL is to define how it relates to CLL, 11 specifically to understanding which are the molecular features [12] [13] [14] that make them a potential preleukemic condition 12 and which is their clinical effect.
The International Workshop on Chronic Lymphocytic Leukemia guidelines 15 indicate that the diagnosis is CLL-like MBL and not yet stage 0 CLL when the number of circulating clonal B cells is below the threshold of 5 ϫ 10 9 cells/L. This brings in the issue that, within MBL, the number of circulating clonal B cells can be heterogeneous, and CLL-like MBL may be further divided into 2 different general subgroups, clinical MBL and populationscreening MBL. 4, 12 Clinical MBL is usually diagnosed in a clinical setting, is associated with lymphocytosis, and has a concentration of clonal B cells Ͼ ϳ 1500/L. 13 On the contrary, populationscreening MBL, also defined "low-count MBL," 14 is only detected during screening studies of healthy persons in the general population with the use of highly sensitive technical procedures and is characterized by Ͻ ϳ 50 clonal B cells/L. 4 The median absolute count of clonal B cells in population-screening MBL is 1 cell/L, and in 75% of the cases the count is Ͻ 3 cells/L. 12 These numbers strikingly differ from the median concentration of clonal B cells in clinical MBL, which is ϳ 3000/L, thus representing the majority of lymphocytes. Although the potential risk of progression of clinical MBL (previously defined MBL with lymphocytosis) into clinically overt CLL is ϳ 1.1% per year, 13 limited data are available on the outcome of low-count population-screening MBL even if it is the most common form in the general population and the prevalence is Ն 100-fold than the prevalence of CLL. Conceivably, the progression of population-screening MBL into CLL is uncommon, 16 and most might simply be an epiphenomenon of immunosenescence, that is, an intensification of the progressive restriction of Ig and TCR repertoire observed in the elderly. [17] [18] [19] [20] It becomes therefore important to investigate which molecular and biologic features of low-count population-screening MBL are associated with the risk of progression to focus medical attention onto the rare risky subjects and to refrain from useless and prolonged monitoring most of the otherwise healthy persons.
To this end we took advantage of our cohort of 137 MBL cases, detected during a population screening of 1779 healthy persons Ͼ 18 years of age. 14 More than one-half of the originally cases of diagnosed MBL were reevaluated after a median follow-up of ϳ 3 years. We here report that 90% of CLL-like MBL clones persisted over time, whereas atypical CLL and CD5 Ϫ CLL MBL tended to be transient. None of the low-count population-screening MBLs developed an overt leukemia even if they were found to carry 13q deletions with the same frequency as CLL. 21 This suggests that 13q deletion occurs early in the natural history of MBL/CLL and is probably associated with the typical CLL phenotype rather than with the progression into an overt disease.
Methods

Study population
The baseline study was conducted between 2005 and 2008 and enrolled 1779 healthy persons from Val Borbera, a rural valley in Northern Italy that is isolated from the surrounding areas by geographic barriers. 14 The whole population is currently involved in a study not aimed at elucidating any particular health problem but rather at dissecting potential genetic components of common diseases because it is probable to derive from a limited number of common ancestors (ie, "genetically isolated").
Among the initial participants we identified 138 cases of MBL; 1 male was affected by a splenic marginal zone lymphoma whose leukemic phase was detected by our analysis and was subsequently excluded from the study (final prevalence, 137 of 1779; 7.7%). Of the 137 originally diagnosed MBL subjects, 76 persons participated to a second visit after a median follow-up of 34 months (range, 11-50 months). Forty-five persons refused to take part in the follow-up visit, and 16 subjects were deceased, for unrelated causes, at the time of the second evaluation. The persons studied were Ͼ 18 years of age with a median age of 66 years (range, 25-92 years); 29 were women and 47 men. The study population has been carefully investigated from the clinical and genealogic point of view during the previous study. Clinical records were collected on all 76 persons who underwent routine blood tests, including a complete blood count with differential. No person had a known history of CLL. The follow-up evaluation was performed over 1 year (2009).
The research protocol was approved by the Institutional Ethics Committee at San Raffaele Scientific Institute, Milano, Italy, and all participants gave written informed consent in accordance with the Declaration of Helsinki.
Blood samples, cell preparation, staining, and FACS analysis EDTA PB samples obtained from all persons enrolled were processed within 24 hours after blood withdrawal as previously described. 14 The following antibody mixes were used: FITC-conjugated F(ab)2-anti-, PE-anti-light chain (Dako), PE-cyanin7 (Cy7)-labeled anti-CD20, PEcyanin5 (Cy5)-conjugated anti-CD5 and PE-Texas Red-conjugated anti-CD19 (Beckman Coulter). For each sample, up to 500 000 events were acquired on a FC500 equipped with 488 argon ion laser and 635 red HeNe laser and analyzed with the CXP software system (Beckman Coulter) according to the gating strategy previously described. 14 MBL has been divided into CLL-like MBL, atypical CLL MBL, and CD5 Ϫ MBL, based on the immunophenotypic profile. 1, 4 The latter categories are based on the occurrence of an unbalanced / ratio (Ͼ 3:1 or Ͻ 1:3) within CD5 ϩ or CD5 Ϫ B lymphocytes, respectively. In contrast CLL-like MBL is defined on the basis of the distinct CD5 bright CD20 dim expression pattern on CD19 ϩ B cells. 14 Of the 54 persistent CLL-like MBL clones, 43 cases (79.6%) were clearly monoclonal, expressing light chains in 37 cases (68.5%) and light chain in 6 cases (11.1%); in 5 cases (9.3%) surface light chain expression was not detectable, this being suggestive of monoclonality, 14 whereas the 6 remaining cases (11.1%) were polyclonal. 14 
T-cell study
To study lymphocytes subpopulations the following antibodies mix has been used: CD25 FITC-labeled, CD4 PE-conjugated, and CD16 PE-Cy5-conjugated mixed with CD56 PE-Cy5-conjugated (Beckman Coulter). For each sample, up to 100 000 events were acquired and analyzed on FC500.
To study the repertoire of the TCR variable genes of the ␤ chain (TRBV) used by T lymphocytes circulating in the blood of persons with CLL-like MBL, PB mononuclear cells have been stained with the "Io test Beta Mark TCR V␤ Repertoire kit" (Immunotech, Beckman Coulter), and a mix of PE-Cy5-conjugated anti-CD4 and PE-Cy7-labeled anti-CD8 (Beckman Coulter). T-cell subsets have been analyzed according to the previously described gating strategy, and a restricted TRBV expression was considered when the expression of a single TRBV chain was higher than the mean value plus 3 SDs (generally Ͼ 20%). 17 For quality control purposes, we daily used 0. 
PCR amplification of IGHV-D-J rearrangements and sequence analysis
IGHV-D-J rearrangements have been analyzed in selected samples after DNA extraction, PCR amplification, and nucleotide sequencing as previously described. 14 Systematic resequencing of Ig genes has not been performed because of paucity of material, which was mainly used to perform FISH analysis. A monoclonal IGHV-D-J rearrangement was determined in 3 additional cases in addition to those previously published 14 : case VB094, expressing IGHV4-59/61 (95.6% of identity to germ line), case VB266, expressing IGHV3-21 (89.1% of identity); and case VB1698 expressing IGHV3-15 (93.0% of identity) genes, respectively.
FACS and FISH
CLL-like MBL cells have been purified on High Speed Sorter MoFLo (Dako). The following antibody mixes were used: PE-Cy7-labeled anti-CD20, PE-Cy5-conjugated anti-CD5 and PE-Texas Red-conjugated anti-CD19 (Beckman Coulter).
Sorted CD5 ϩ CD20 dim monoclonal B cells underwent interphase FISH analysis after fixation in methanol/acetic acid (3:1), using standard protocols. 22, 23 The FISH panel included probes for the detection of trisomy 12, deletions of 11q22.3 (ATM), 13q14.3 (D13S319), 13q34 (LSI13q34), and 17p13 (TP53) (Vysis LSI p53/LSI ATM and LSI D13S319/LSI 13q34/CEP 12 Multi-color Probe; Abbott Molecular). Nikon Eclipse 90i microscope (Nikon Instruments) and a Qicam Fast 1394 (Qimaging) camera were used. Acquisition was done with a Genikon (Nikon Instruments S.p.a. Italy) software with the use of a FISH 3D Acquisition Module. When possible, FISH signals for each probe were scored in Ն 50 interphase nuclei. Cutoffs were set on mean values Ϯ 2 SDs, derived from analysis on healthy donor sorted B cells: Del17p, 6.7% Ϯ 2.2%; Del11q, 3.4% Ϯ 4.6%; Del13q14.3, 4.9% Ϯ 10.8%; Del13q34, 5.4% Ϯ 15.5%; and trisomy 12, 0.7% Ϯ 2.3%.
Statistical methods
Median, mean, SD, maximum, minimum, 25th and 75th percentiles (for continuous variables), and relative frequencies (for categorical variables) were calculated with SPSS software (SPSS 16.0; SPSS Inc). To define statistically significant differences between subgroups, Mann-Whitney test and Fisher exact test were used for continuous and categorical variables,
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Results
Low-count population-screening CLL-like MBL persists over time
Between 2005 and 2008 we enrolled 1779 healthy persons, and flow cytometry detected the presence of MBL in 137 subjects (128 previously described 14 ) , 96 CLL-like MBL, 21 atypical-CLL MBL, and 20 CD5 Ϫ MBL. 1 After a median follow-up of 34 months (range, 11-50 months), we reanalyzed the PB of 76 subjects (47 men, 29 women; median age, 66 years; range, 25-92 years). Sixteen subjects with MBL had died of unrelated reasons, and the remaining subjects were not available for the follow-up study. All subjects had a normal absolute white blood cell count (mean value, 7.0 ϫ 10 9 cells/L; range 2.7-12.8 ϫ 10 9 cells/L) and a normal absolute lymphocyte count (ALC; mean value, 2.4 ϫ 10 9 cells/L; range, 0.8-3.9 ϫ 10 9 cells/ L), except for 4 cases whose lymphocyte counts were slightly above the value of 4.0 ϫ 10 9 cells/L (range, 4.1-5.3 ϫ 10 9 cells/L). The mean absolute B-cell count was 184.5 ϫ 10 6 cells/L (range, 18.2-1508.8 ϫ 10 6 cells/L). Among the 76 reevaluated subjects, 60 originally had a CLL-like MBL, 9 an atypical-CLL MBL, and 9 a CD5 Ϫ MBL. Two subjects with MBL had a double clone.
At reevaluation 54 of 60 CLL-like MBL (90.0%), but only 4 of 9 atypical-CLL MBL (44.4%) and 6 of 9 CD5 Ϫ MBL (66.7%) clones were still detectable in the same original carriers (Figure 1 
Population-screening CLL-like MBL remains stable over time
Among the 54 CLL-like persistent cases, 35 were men and 19 were women, with a median age of 66 years (range, 40-92 years). One case (VB094) was excluded from further analysis because of being treated with chemotherapy for a solid tumor.
The mean white blood cell count of the 53 CLL-like MBL cases was 7.1 ϫ 10 9 cells/L (range, 2.7-12.8 ϫ 10 9 cells/L), the mean ALC was 2. (Table 1) to evaluate the 4 most frequent aberrations detected in patients with CLL (del13q, trisomy 12, del11q, and del17p). 21 In 8 of 16 subjects analyzed (50.0%) we found genomic abnormalities ( Table 1) . Aberrations involving the chromosome 13 long arm were the most frequent (7 of 16 cases; 43.8%), 5 cases (31.3%) had a deletion of 13q14.3 that in 2 subjects was biallelic; 2 subjects (12.5%) had only a deletion of 13q34 ( Figure 3A) , and one had both 13q34 and 13q14.3 regions deleted. The percentage of CLL-like cells carrying these abnormalities was 19%-48%. One case had trisomy 12 in 28% of isolated B cells ( Figure 3B ) and 2 subjects had a deletion of the 17p region in 80% and 90% of sorted CLL-like cells (Figure 3C ), respectively. More than 1 cytogenetic abnormality was identified in 2 cases (12.5%); one presented concomitant trisomy 12 and del13q14.3, the other one showed del13q34/13q14.3 and del17p. Deletion of 11q was never detected. The distribution of the cytogenetic abnormalities was not different between and clones.
Expansions of monoclonal T-cell populations are frequent in CLL-like MBL
In the hypothesis that CLL-like MBL may coexist with additional abnormalities of the immune system, we investigated also the TRBV with a panel of TRBV antibodies covering 70% of the expressed TCR repertoire 17 in 36 cases of MBLs (20 men and 16 women, 14 below and 22 above the age of 65 years; Table 1) .
We focused the analysis on CD4 ϩ , CD8 ϩ , and CD4 ϩ /CD8 ϩ double-positive T lymphocytes, the latter being further divided into CD4 high CD8 low and CD4 low CD8 high T cells ( Figure 4A,C) . 17 On the basis of the previously published cutoff value of 20% of the cells expressing any TCR, 17 we found Ն 1 T-cell clone in 27 subjects (27 of 36; 75%) with a total of 53 clones detected.
No CD4 ϩ clones were found; 8 clones were observed among CD8 ϩ cells ( Figure 4B ). The double-positive T-cell subsets were present in low percentages with CD4 high CD8 low cells representing 0.96% of lymphocytes and CD8 high CD4 low cells 0.24% of lymphocytes. As expected, 17 these 2 subsets presented the highest amount of clones with 16 of 36 (44.4%) carrying Ն 1 clonal population of the CD4 high CD8 low ( Figure 4D ) and 13 of 36 (36.1%) of the CD8 high CD4 low compartment.
Overall, 27 subjects presented Ն 1 T-cell clonal expansions (range, 1-4 T-cell clonal expansions), of whom 17 of 22 subjects (77.3%) Ͼ 65 years of age and 10 of 14 (71.4%) Ͻ 65 years. Both frequencies were significantly higher (P ϭ .002) than those observed in the general population. 17 TRBV2 (11 of 27; 40.7%) and TRBV8 (9 of 27; 33.3%) were the most frequent genes in the clonal populations. Both genes were more frequent in the MBL population than in the T-cell clones detected in the general population (TRBV2, 18.8%; TRBV8, 7.8%). 17 
Discussion
Not all MBLs are equal. We have previously found that MBLs identified through population-screening studies, 14 with aberrant B cells representing a tiny minority of total B cells, have different biologic and laboratory features compared with clinical MBL associated with lymphocytosis. 12 Clinical CLL-like MBL has a risk of progression into overt CLL of ϳ 1.1% per year, 13 whereas the progression risk of low-count population-screening MBL is unknown. This is an important issue because the prevalence of population-screening MBL is much higher than that of clinical MBL with a peak of Ͼ 75% in persons Ͼ 90 years. 5 To investigate which features are associated with the risk of progression we have reevaluated, after a median follow-up of 34 months, 76 subjects with MBL previously detected in the PB of a general adult population belonging to a rural community in Northern Italy. We here show that (1) 90.0% of population-screening CLL-like MBL persists over time in contrast to only 44.4% and 66.7% of atypical-CLL and CD5 Ϫ MBL; (2) most of the populationscreening MBLs remain stable, and no progression to clinically overt disease has been recorded; and (3) 50% of populationscreening CLL-like MBL carries CLL-related genomic abnormalities, especially monoallelic or biallelic 13q deletions.
The fact that CLL-like MBL clones persist over time strongly implies that a stable modification has occurred within the B lineage and that these clones are not simply related to seasonal or occasional antigenic exposures. Because approximately one-half (44.4% and 66.7%) of atypical-CLL and CD5 Ϫ MBL became undetectable after 3 years, MBL other than CLL-like may be transient. A plausible possibility is that they are "reactive" monoclonal expansions, conceivably triggered by self-limiting immune stimulations that occur randomly during one's lifetime. Our results differ from those recently published in a series of 12 atypical-CLL and CD5 Ϫ MBL reevaluated 12 months after the first immunophenotypic analysis. 24 All clones were confirmed and even showed a significant increase in the median concentration of clonal B cells. Although this discrepancy may be accounted for both by the original higher median value of the clonal populations and especially by the different length of the follow-up, further studies with larger cohorts are needed to settle the issue.
The persistence of CLL-like MBL closely resembles that of clonal double-positive CD4/CD8 T-cell populations in the elderly, linked to chronic and persistent viral infections (eg, CMV). 25, 26 Whether persistent stimulation by infectious agents (or selfantigens) may also trigger the development of MBL remains to be elucidated, although the increased frequency of CLL-like MBL in HCV-infected persons 27 is in line with this possibility. Clonal T-cell populations, especially double-positive CD4/CD8, were found to be increased in population-screening MBL compared with the general population, 17 with TRBV2 and TRBV8 as the most frequently involved genes, possibly suggesting a distinct restriction of T-cell specificity. Finally, more than one-half of the subjects analyzed presented multiple T-cell clones, suggesting a widespread deregulation of the immune system in MBL, another feature potentially related to a prolonged exposure to chronic antigenic stimulation.
After a median follow-up of ϳ 3 years, none of the 76 participants have developed CLL or any other lymphoproliferative disorder, and no one has required medical attention because of the development of clinically relevant lymphocytosis. Most subjects 
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BLOOD, 15 DECEMBER 2011 ⅐ VOLUME 118, NUMBER 25 For personal use only. on July 15, 2017. by guest www.bloodjournal.org From with population-screening MBL remained stable, some even decreased. These results confirm the hypothesis that the natural history of population-screening MBL differs from that of clinical MBL and are in line with the molecular and biologic differences we previously demonstrated. 14 Low-count population-screening CLLlike MBL uses an IGHV gene repertoire different from clinical MBL and CLL, shows a distinct gene usage, a higher rate of mutated IGHV, and a rare occurrence of stereotyped receptors. 14 On the basis of these evidences, molecular features of the clone could be potentially used to identify those rare subjects at risk of evolution into frank CLL and refrain from useless and prolonged monitoring in most of otherwise healthy persons. To our surprise, in the present work, when we studied by FISH analysis the presence of CLL-related genetic abnormalities, we found that Յ 50% of cases with low-count population-screening MBL do carry the same CLL-related abnormalities with monoallelic or biallelic 13q deletions in 43.8% of the cases. We also observed trisomy 12 in 1 case and 17p deletion in 2 cases (in 1 case as a sole abnormality). The frequency of 13q deletions is similar to that observed in newly diagnosed CLL and in subjects with clinical MBL 5, 13, 21 and strongly indicates that these lesions occur rather early during the development of MBL and appear to be associated with the acquisition of the typical immunophenotypic profile rather than with the fully fledged leukemic state. 16 This finding is in keeping with the observation that the mouse model carrying deletions of the DLEU2/mir15-a/16-1 cluster located at 13q14 region develops a spectrum of lymphoproliferative disorders that range from MBL to CLL to diffuse large B-cell lymphoma. 28 Of interest we also detected 17p deletion in 2 cases of population-screening MBL with low numbers of clonal B cells (1.6 and 3.8 cells/L, respectively); del17p was observed in 80% and 90% of clonal B cells, and in case VB1320 it was coexisting with an additional genetic alteration involving chromosome 13q, but the increase of aberrant B cells was minor at reevaluation (from 0.4 to 3.8 cells/L, respectively). The detection of 17p deletion per se may not be detrimental because patients with CLL with this abnormality can have a stable disease especially if they also have mutated IGHV genes. 29, 30 Given the small size of the clone, we were able to sequence the IGHV gene in only 1 of the 2 MBL cases and in particular that one with the 17p deletion as sole abnormality (VB1002) that showed indeed a 97% identity with the germ line IGHV sequence.
In conclusion, our study shows that low-count populationscreening CLL-like MBL, as opposed to atypical CLL and CD5 Ϫ MBL, tends to persist over time. The potential risk of progression into overt CLL is exceedingly rare and definitely less than that of clinical MBL even if they carry CLL genomic aberrations. This suggests that these abnormalities occur early during the natural history of MBL/CLL and are probably associated with the acquisition of the typical phenotype rather than with the progression into a fully fledged leukemic disease.
